We describe four patients who were treated with primary total hip arthroplasty (THA) at two tertiary academic Australian teaching hospitals that experienced premature failure of head-neck trunnions through dissociation of the head-neck taper junction. This retrospective case series has similar clinical presentations and macroscopic pathology with severe head-neck taper junction loss of material, corrosion and early catastrophic failure. It is proposed that the accelerated wear is related to use of varus offset neck in a proprietary beta titanium alloy (Ti-12Mo-6Zr-2Fe or TMZF ® Stryker Osteonics, Mahwah NJ, USA) TMZF femoral stem, longer head-neck combination in a relatively active, older, male patient population. In this limited case series presentation was on average 80 months (range 53-92) following index procedure. In three of the four patients, a prodromal period of groin or buttock pain was reported for between 1 week and 2 months prior to acute presentation. Significant metallosis and local tissue damage including gluteal muscle insufficiency was evident. Each stem revised was well fixed. An extended trochanteric osteotomy was required in two of the four cases for stem extraction. We recommend caution and further evaluation on the relationship between TMZF metal alloy and its longevity in higher demand patients with high neck offset, varus stem geometry and large CoCr bearing heads.
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Introduction
Modularity in total hip arthroplasty (THA) design was introduced more than 30 years ago [1, 2] . Potential benefits included a greater intraoperative flexibility to adjust leg length, offset and stability, ease of component revision and decreasing overall prosthetic inventory. Modular head-neck tapers vary in their geometry, size, conical angle, finish and metallurgy. An extensive number of tapers are available across the many device manufacturers (Image 1) [3] . The effect of taper length and diameter on the potential for corrosion is controversial. A shorter trunnion length reduces the available taper surface area for interference fit and therefore may predispose to micro motion whereas a longer trunnion with wider taper angle may contribute to mechanically assisted crevice corrosion (MACC) [4, 5] .
Retrieved uncemented titanium alloy femoral stems with a modular cobalt-chromium (CoCr) head have been associated with crevice corrosion at the taper interface [6, 7] . Dissimilar metals have a greater propensity for galvanic corrosion however studies have shown same metal alloys are also susceptible to taper corrosion. This supports the most likely mechanism behind corrosion at the headneck interface being MACC rather than galvanism [8] [9] [10] . In certain combinations of high offset titanium alloy stem, with large CoCr heads, fretting and micro motion at the head-taper junction may result in additional factors leading to early implant failure (Image 2).
A proprietary beta titanium alloy (Ti-12Mo-6Zr-2Fe or TMZF ® Stryker Osteonics, Mahwah NJ, USA) was marketed as have greater tensile strength and flexibility than standard Ti-6Al-4V alloys to more closely mimic the modulus of elasticity of cortical bone [11] . TMZF was thought to also have a greater fatigue strength, improved wear and abrasion resistance. Two TMZF femoral stems have since been recalled in the United States by the Food and Drug Administration (FDA) -Rejuvenate ® modular and AB-GII® modular (Stryker Osteonics, Mahwah NJ, USA) after post-market data showed signs of Adverse Local Tissue Reaction (ALTR) due to fretting and corrosion at the modular neck junction [12] . The Accolade ® (Stryker Osteonics, Mahwah NJ, USA) femoral stem was also manufactured from TMZF titanium alloy. Through a series of design changes, the Accolade II ® (Stryker Osteonics, Mahwah NJ, USA) has replaced the Accolade ® stem and is not manufactured from TMZF ® . The Accolade ® TMZF ® was one of the top ten uncemented femoral stems implanted for primary THR in Australia up until 2013, where it subsequently was replaced in the 2014 data by the Accolade II [13] .
The aim of this study is to report the experience of two tertiary academic Australian teaching hospitals with premature failure of four CoCr -Accolade ® TMZF ® THAs through dissociation of the head-neck taper junction.
Materials and Methods
This retrospective case series of four patients have similar clinical presentations and macroscopic pathology with severe head-neck taper junction corrosion and early catastrophic failure. It is proposed that the accelerated wear is related to use of varus offset neck in TMZF femoral stem, longer head-neck combination in relatively active, older male patients.
The demographics of the four patients are detailed in Table 1 .
Routine diagnostic cobalt and chromium metal ions 
Image 2: Schematic illustrating that oscillatory motions as small as 10-100u can induce wear and mechanically-assisted crevice corrosion (MACC). Such relative motion is unavoidable because modular junctions inherently introduce parts of different rigidity (size, shape) and different alloys (stiffness criteria). (Courtesy of Ian Clarke & Timothy McTighe)
were not performed in any patient due to the mechanical nature of each presentation and the obvious need for acute revision. No patient presented with a clinical suspicion of sepsis. Routine blood tests were performed for each patient, with a normal CRP (3.0mg/L, normal <5mg/L) recorded in Patient 1. Patient 1 was an active obese 76 year old male with a primary right THA implanted without complication over 7 years prior. He complained at presentation of 1-2 months of insidious right buttock pain which was activity related. The patient noted a sudden pain in the right groin and a leg length discrepancy while sitting on a chair. Acute radiographs in the emergency department showed an acute dissociation at the head-taper junction (Image 3).
Patient 1 underwent femoral stem revision through a standard posterior approach with flexible osteotomes. Significant metallosis was debrided (Image 4), and a modular distally fixed stem was implanted. Acetabular liner and head components were also replaced. The original acetabular shell was not affected and thus retained.
The retrieved femoral stem in Patient 1 showed severe taper corrosion as the cause of the spontaneous dissociation (Image 5). Histopathology confirmed significant metallosis with no sign of active or chronic inflammation.
Patient 2 was an active mildly overweight 72 year old male who played golf and light sport. He underwent a routine right THA 7.5 years prior for osteoarthritis. On presen- tation Patient 2 described an episode of spontaneous right buttock pain with a limp. Radiography of the right hip prior to the revision showed catastrophic failure of the trunnion with varus malalignment at the head-neck junction (Image 6).
Patient 2 underwent a revision THA with extended trochanteric osteotomy through a posterior approach. Metallosis surrounding the implant and gluteal muscles was debrided (Image 7) and components exchanged. Histopathology showed a moderate degree of chronic inflammation prosthesis detritus.
The retrieved femoral stem from Patient 2 revealed significant taper corrosion and instability of the head-neck junction with inferior notching of the neck from instability (Image 8). A modular distally fixed stem was successfully implanted with a 32mm head.
Patient 3 was a moderately active obese man who played golf weekly and had an uncomplicated primary left THA performed 4 years prior to presentation. Over one month he developed groin pain with symptoms worsening to a clicking feeling and sensation of instability. Patient 3 sustained a number of falls prior to revision of the left THA. Radiographs of the left THA revealed a varus dissociation of the neck taper junction (Image 9). Patient 3 successfully underwent revision left THA through a posterior approach with an extended trochanteric osteotomy required for stem extraction. Significant metallosis was debrided at the time of surgery throughout the periarticular tissues. The retrieved femoral stem showed significant taper corrosion with notching of the inferior neck due to instability (Image 10).
Patient 4 was a sedentary 80 year old man with multiple medical comorbidities. He underwent an uncomplicated primary right THA 7 years prior and presented with a sudden episode of unprovoked dislocation. Radiographs at presentation revealed a head-neck dissociation with abnormal wear evident on the taper (Image 11).
At revision of the right THA, metallosis was debrided and an isolated stem revision was successfully performed with a distally fixed prosthesis and exchange of the 
Results

Clinical presentation:
In this limited case series of four failed primary THA patients, presentation was on average 80 months (range 53-92) following index procedure. In three of the four patients, a prodromal period of groin or buttock pain was reported for between 1 week and 2 months prior to acute presentation.
Primary THA Implants:
Each of the four patients had lateralised offset Accolade ® TMZF ® Plus stems implanted with lateralised offset CoCr heads of between +4mm and +10mm. Index components are summarised in Table 2 .
Radiographic findings:
Two of the four patients presented with complete headneck taper dissociation. The other two presented with impending dissociation, and instability at the damaged taper. Subtle osteolysis was evident in zone 7 of the medial femoral calcar in each case. Advanced imaging or specific laboratory cobalt and chromium ion analysis were not required due to the acute mechanical presentation and need for urgent revision in each case.
Histopathology:
Tissue pathology was performed in three of the four patients which showed an absence of acute inflammation, varying degrees of chronic inflammation and metal debris.
Intraoperative findings:
Significant metallosis and local tissue damage including gluteal muscle insufficiency was evident. Each stem revised was well fixed. An extended trochanteric osteotomy was required in two of the four cases for stem extraction.
Post-operative Analysis:
Metallurgical analysis in particular the marked corrosive changes seen macroscopically on the trunnion of each case is pending and will form the basis of a subsequent paper.
Discussion
There are several factors that can influence the rate at which corrosion develops at the head-neck taper junction. Metallurgy, implant geometry, bearing couple, implant assembly technique and specific patient factors can all influence the longevity of a THA.
Corrosion at the trunnion interface with dissimilar metals can be a cause of early failure in THA [14] . A modular head on a femoral stem is standard practice in modern THA to provide versatility in definitive implanting, ease component revision and to reduce the prosthetic inventory. A MoP bearing combination utilising a CoCr alloy metal head on a monolithic titanium alloy remains the most common bearing couple in modern THA.
Bearing surfaces also appear to contribute to corrosion with a greater propensity to corrosion found with metal on metal (MoM) than MoP bearing surfaces. Larger femoral head size, dissimilar alloy pairing at the trunnion interface, a varus femoral stem with lateralised offset head have been associated with greater taper corrosion in metal on metal MoM bearing couples [15, 16] . Corrosion appears to be more prominent with longer implantation time and with MoM than MoP bearing surfaces. A hard on soft bearing couple such as a ceramic femoral head (with or without an articulating same metal sleeve) on a polyethylene liner may reduce taper corrosion and fretting [15, 17] .
Techniques of trunnion cleaning during component assembly and femoral head impaction technique may influence head-neck stability. There is a direct linear relationship between impaction force and the force needed for disassembly [16] . Impacting the head-neck components in a dry, clean environment would seem ideal for component assembly [19] . A single impaction force of at least 4kN has been shown to achieve adequate head-taper junction strength in all bearing conditions [20] .
Patient factors may contribute to the incidence of MACC by elevated BMI and greater activity level increasing the mechanical stress on the trunnion [14] . This limited case series that show similar macroscopic failure of the trunnion whist not proving causation, highlights the potential for accelerated MACC corrosion and early THA failure in a particular subset of patients. These are active, elderly and overweight males with a combination of a varus neck offset, lateralised large diameter CoCr head on the particular TMZF alloy found in Accolade ® stem with a proprietary trunnion geometry (V40 ® ).
The time to failure in these four patients was 4.4 to 7.6 years. When implanting novel alloys and taper designs, the authors recommend yearly review after two years with a thorough clinical examination and surveillance plain radiography. Radiographs should be assessed for resorption of the medial calcar, evidence of osteolysis and changes in the surrounding pericapsular soft tissues of the hip. Early targeted investigations to further assess the symptomatic hip or concerns on plain radiographs may include full blood count with differential, C-reactive protein, erythrocyte sedimentation rate and serum cobalt and chromium levels. Advanced imaging studies may include ultrasound examination of the hip capsule and surrounding musculature, scintigraphy and metal artifact reduction magnetic resonance imaging sequences.
Further studies are needed to explore the relationship between the TMZF metal alloy and its mechanical longevity in higher demand patients with high neck offset, varus stem geometry and large CoCr MoP bearing couple.
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